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Spectral properties of photon pairs generated by spontaneous four wave mixing in
inhomogeneous photonic crystal fibers
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Key Laboratory of Optoelectronics Information Technology of Ministry of Education, Tianjin 300072, P. R. China
The photonic crystal fiber (PCF) is one of the excellent media for generating photon pairs via
spontaneous four wave mixing. Here we study how the inhomogeneity of PCFs affect the spectral
properties of photon pairs from both the theoretical and experimental aspects. The theoretical
model shows that the photon pairs born in different place of the inhomogeneous PCF are coherently
superposed, and a modulation in the broadened spectrum of phase matching function will appear,
which prevents the realization of spectral factorable photon pairs. In particular, the inhomogeneity
induced modulation can be examined by measuring the spectrum of individual signal or idler field
when the asymmetric group velocity matching is approximately fulfilled. Our experiments are per-
formed by tailoring the spectrum of pulsed pump to satisfy the specified phase matching condition.
The observed spectra of individual signal photons, which are produced from different segments of
the 1.9 m inhomogeneous PCF, agree with the theoretical predictions. The investigations are not
only useful for fiber based quantum state engineering, but also provide a dependable method to test
the homogeneity of PCF.
PACS numbers: 42.50.Dv, 42.65.Lm, 42.65.Wi, 03.67.Mn
I. INTRODUCTION
Spontaneous four wave mixing (SFWM) is a paramet-
ric process in which two pump photons at frequency
ωp1 and ωp2 scatter through the χ
(3) (Kerr) nonlinear-
ity to create energy-time entangled signal and idler pho-
tons at frequencies ωs and ωi, respectively, such that
ωp1 + ωp2 = ωs + ωi. To enhance the probability of
SFWM, the phase matching condition determined by the
dispersion of nonlinear medium needs to be satisfied.
Among the various kinds of Kerr nonlinear materials,
such as optical fibers, silicon wave-guides, and atomic me-
dia etc. [1–4], the highly nonlinear photonic crystal fiber
(PCF) is identified as a promising candidate for devel-
oping the practical sources of photon pairs with low cost
and compact size, owing to its advantages of controllable
dispersion and excellent spatial mode purity [5–7, 11].
For the photon pairs generated by pumping the PCF
with a pulsed laser, the length of PCF, usually from tens
of centimeters to a few meters, is not only related to the
brightness, but also related to the spectral factorabil-
ity [5–10]. For example, to produce asymmetrical spec-
tral factorable photon pairs, which is important for the
conditional-preparation of pure single photons [12], in ad-
dition to the satisfaction of asymmetric group velocity
matching (AGVM) condition, the PCF with a homoge-
neous structure and with a longer length is desirable.
However, unavoidable fluctuations in PCF manufactur-
ing process may have a large effect on their dispersion
due to the small core size and strong dispersion depen-
dence on the spatial structure. Therefore, the factorabil-
ity of photon pairs is restricted by the limited maximum
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length of PCF [8, 9]. The problem has been known for
some time, but the detailed investigation about this issue
has not been done yet.
In this paper, we study how the inhomogeneity of PCFs
affect the spectral properties of photon pairs from both
the theoretical and experimental aspects. Our theoreti-
cal model shows that the photon pairs born in different
place of the inhomogeneous PCF are coherently super-
posed, and a modulation in the broadened spectrum of
phase matching function will appear, which prevents the
realization of spectral factorable photon pairs. In partic-
ular, the inhomogeneity induced modulation can be ex-
amined by measuring the spectrum of individual signal
or idler field when the AGVM condition is approximately
fulfilled. Our experiments are performed by tailoring the
spectrum of pulsed pump to approximately satisfy the
AGVM condition, and the observed spectra of individual
signal photons, which are produced from different seg-
ments of the 1.9 m inhomogeneous PCF, agree with the
theoretical predictions. Moreover, our results indicate
that in the sense of generating spectral factorable pho-
ton pairs, the problem of lacking the homogeneous PCF
with a longer length might be overcome in some extent
by selecting and splicing the shorter PCFs having almost
identical dispersion properties. The investigations are
not only useful for fiber based quantum state engineer-
ing, but also provide a dependable method to test the
homogeneity of PCF.
II. THEORETICAL ANALYSIS
Using a simplified model of the inhomogeneous PCF,
we first analyze the joint spectral amplitude (JSA) of
photon pairs, and propose to investigate the influence
of nonuniform dispersion on phase matching function
2by examining the spectrum of individual signal or idler
field under the AGVM condition. Then we simulate the
spectral properties of individual signal photons in spec-
ified inhomogeneous PCFs when the AGVM condition
is approximately satisfied. The simulations show that
the inhomogeneity will induce a modulated pattern in
the broadened spectrum of the phase matching function,
which results in a reduced factorability of JSA.
A. Phase matching function of spontaneous four
wave mixing in inhomogeneous PCF
In the theoretical model, we assume the signal and
idler fields generated via the pulsed pumped SFWM in
PCF are linearly co-polarized with the pump, and detun-
ing between signal and idler photons is large enough to
get rid of the contamination of Raman scattering [5, 6].
Moreover, the bandwidth of individual signal (idler) field
is naturally narrow band, so the generation of photon
pairs is basically filter free [7, 12].
The Gaussian shaped transform limited pump pulses
remain classical, and the pump field propagating along
the PCF is expressed as
E(+)p = Ep0e
−iγPpz
∫
dωp exp[− (ωp − ωpc)
2
2σ2p
]ei(kpz−ωpt),
(1)
where γ is the nonlinear coefficient of PCF, Pp is the
peak pump power, ωp is the frequency of pump photons,
ωpc and σp are the central frequency and bandwidth of
the pump, respectively, and Ep0 is associated with the
peak pump power through Pp ∝ E2p0σ2p. In the low gain
regime, the field operator of the signal (idler) photons at
the output of PCF is given by [13, 14]
a(ωs(i)) = a0(ωs(i))+
G
σp
∫
dωi(s)f(ωs, ωi)a
†
0(ωi(s))+o(G),
(2)
where a0(ωs(i)) and a
†
0(ωs(i)) are the annihilation and
creation operators of the vacuum fields at ωs (ωi), re-
spectively, and the parameter G ∝ γPp is proportional
to the gain of SFWM. The JSA function f(ωs, ωi) can
be expressed as the product of the pump envelop and
the phase matching function:
f(ωs, ωi) = α(ωs, ωi)× φ(ωs, ωi). (3)
Accordingly, the joint spectral intensity (JSI) is written
as
F (ωs, ωi) = |f(ωs, ωi)|2, (4)
which is proportional to the probability of one pair of
signal and idler photons emerging at ωs and ωi, respec-
tively.
The pump envelope can be well determined. When
the self phase modulation induced spectral broadening
of the pump is negligible, the pump envelop function can
be approximated as [13, 15]
α(ωs, ωi) = exp[− (ωs + ωi − 2ωpc)
2
4σ2p
]. (5)
While the phase matching function is written as
φ(ωs, ωi) =
∫ L
0
exp(i∆kz)dz, (6)
where L is the total length of PCF, ∆k = 2k(ωp)−k(ωs)−
k(ωi)−2γPp is the wave vector mismatch, in which k(ωj)
(j = p, s, i) refers to the wave vector at frequencies ωj ,
and the term 2γPp can be neglected due to its small-
ness [5, 13]. Using the linear approximation of ∆k by
expanding the wave vectors k(ωp), k(ωs), and k(ωi) at
the perfect phase matching frequencies, ωpc, ωs0 and ωi0,
respectively, we arrive at
∆k = τs(ωs − ωs0) + τi(ωi − ωi0), (7)
where τs(i) = k
′
pc − k′s(i)0, with k′l = dk(ω)/dω|ω=ωj (l =
pc, s0, i0) representing the reciprocal of group velocity,
is the group velocity mismatch between the pump and
signal (idler) fields.
From Eqs. (3), (5) and (6), one sees that the key to fig-
ure out the characteristics of JSA is the phase matching
function. If the PCF is homogeneous in structure, the
wave vector k(ωj) (j = p, s, i) and the mismatch term
∆k are constant along the fiber. By carrying out the
integration in Eq. (6), we obtain the phase matching
function
φ(ωs, ωi) = Lsinc(
∆kL
2
) exp(i
∆kL
2
). (8)
If the PCF is inhomogeneous in structure, on the other
hand, k(ωj) (j = p, s, i) and ∆k will change along the
fiber. In this situation, let us analyze the phase matching
function by dividing the PCF into m segments, as shown
in Fig. 1. For the sake of simplicity, we assume each
segment is homogeneous, but the dispersion and length
of different segments deviate. For the nth segment, the
length is Ln and the wave vector mismatch is ∆kn. By
performing a piecewise integration in Eq. (6), the overall
phase matching function for the assembly of m segments
can be calculated and expressed as
φ(ωs, ωi) = L1sinc(
∆k1L1
2
) exp(i
∆k1L1
2
)
+
m∑
n=2
Lnsinc(
∆knLn
2
) exp(i
∆knLn
2
) exp(i
n−1∑
l=1
∆klLl),
(9)
which shows that photon pairs born in different place
of the PCF is coherently combined. In principle, it
is straightforward to visualize the spectral property of
φ(ωs, ωi) by implementing a joint spectral coincidence
measurement through a two-dimension scanning in the
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FIG. 1: (Color online) Schematic illustration of an inhomoge-
neous PCF consisting of m segments. Each segment is homo-
geneous, but the dispersion and length of different segments
deviate.
signal and idler bands to reconstruct the JSI func-
tion [10]. However, this method is complicated and time
consuming.
To acquire the spectral property of the phase matching
function in a easier way, we further simplify the model
by assuming that the AGVM condition is approximately
satisfied in each segment of the inhomogeneous PCF, i.e.
τi ≈ 0 or τs ≈ 0. Defining the angle θ = | arctan(τi/τs)|
as the acute angle between the ωi axis and the contour of
φ(ωs, ωi) in the {ωs, ωi} space, we then have θ = 0 and
θ = pi/2 for the case of τi=0 and τs=0, respectively [7].
Under the AGVM condition of τi(s) ≈ 0, the argument
τi(s) vanishes in the expression of φ(ωs, ωi) (see Eqs. (6)
and (7)). In this situation, the projection of JSI on the
signal (idler) axis, i.e., the spectrum of individual signal
(idler) photons, is
Fs(i)(ωs(i)) =
∫
|α(ωs, ωi)× φ(ωs(i))|2dωi(s)
=
√
2piσp|φ(ωs(i))|2 ∝ |φ(ωs(i))|2,
(10)
which is irrelevant to the envelop of pump even if the
spectral broadening of pump pulses becomes observable.
Equation (10) indicates that we can examine the phase
matching function in the one dimensional space by exper-
imentally measuring the spectrum of the individual signal
(idler) photons. For example, in the case of τi ≈ 0, the
spectrum of |φ(ωs)|2 can be deduced by applying a tun-
able narrow band filter with a bandwidth of σs in signal
field. When the central frequency of the Gaussian shaped
filter ω′s is scanned, the photon counting rate of sampled
signal photons (per pulse) can be expressed as
Ss(ω
′
s) ∝
|G|2
σp
∫
|φ(ωs)|2 exp[− (ωs − ω
′
s)
2
σ2s
]dωs, (11)
which shows that |φ(ωs)|2 can be extracted from the mea-
sured Ss(ω
′
s). In practice, we prefer to use a filter with
σs much smaller than the bandwidth of |φ(ωs)|2, so that
the spectrum of Ss(ω
′
s) itself is close to that of |φ(ωs)|2.
B. Simulated spectrum of phase matching function
in inhomogeneous PCFs
In order to figure out the major spectral characteris-
tics of the photon pairs, we simulate the spectrum of the
phase matching function under the AGVM condition. In
the simulations, the inhomogeneous PCFs are the ran-
dom combinations of a few elemental segments, whose
effective core radius r and air-filling fraction f are shown
in Table I. For convenience, the four kinds of segments in
Table I are labeled as S1, S2, S3 and S4, respectively. We
note that the structure parameters r and f in Table I are
selected by referencing the average effective values of the
PCF used in our experiment, which are implied from the
measured dispersion data of the PCF (see Fig. 7) rather
than directly measured with an electron micrograph im-
age. According to the values of r and f of each seg-
ment, we then calculate the dispersion and phase match-
ing condition by using the step-index fiber model [16].
The results of the phase matched wavelengths of signal
and idler fields, λs0 and λi0, group velocity mismatch τs,
and the angle θ for the pump with central wavelength
λpc = 2pic/ωpc = 1070 nm are also listed in Table I.
Comparing the parameters of each segment, we find that
for a 0.1% variation in the core radius r, the shift of λs0
is notable, but the change of θ is ignorable. The results
indicates that the AGVM condition τi = 0 is approxi-
mately fulfilled in each segment for λpc = 1070 nm, and
the argument ωi in the overall phase matching function
of φ(ωs, ωi) (see Eq. (9)) can be neglected.
TABLE I: The structure parameters and phase matching con-
ditions for λpc = 1070 nm of the elemental segments
Label of segment S1 S2 S3 S4
r (nm) 947 947.5 948 948.5
f 29.6% 29.6% 29.6% 29.6%
λs0 (nm) 1409.9 1413.6 1417.3 1421
λi0 (nm) 862.1 860.8 859.4 858.1
τs (ps/m) 3.2 3.2 3.3 3.4
θ (rad) ∼0.004 ∼0.002 ∼0.001 ∼0.004
Assuming the length of each elemental segment is 0.3
m, and substituting the parameters in Table I into Eqs.
(7) and (9), we first calculate |φ(λs)|2 for the inhomo-
geneous PCFs with the configuration of (i) S1+S2, (ii)
S1+S3, and (iii) S1+S2+S3, respectively, as shown in
Fig. 2(a). As a comparison, we also calculate |φ(λs)|2
for the homogeneous PCFs with the spatial structure the
same as S2, and with the total length L of 0.3 m, 0.6 m,
and 0.9 m, respectively, as shown in Fig. 2(b). It is obvi-
ous that the spectral property of |φ(λs)|2 in Fig. 2(a) is
more complicated than that in Fig. 2(b). The modulated
spectrum in Fig. 2(a) indicates that the counting rate of
signal photons sampled by a narrow band filter centering
at λ′s = 2pic/ω
′
s may increase or decrease with the vari-
ation of λ′s (see Eq. (11)), and the variational range of
counting rate can not be explained by the oscillations of
a sinc-function. Moreover, the relative height of |φ(λs)|2
in Figs. 2(a) and 2(b) show that for a given pump power,
the intensity (per meter, per mode) of SFWM in homo-
geneous PCFs could be higher [17].
For each PCF used in Fig. 2, we also plot the normal-
ized JSI in the {ωs, ωi} space, as shown in Fig. 3. In the
41400 1410 1420 1430
0
0.1
0.2
0.3
Signal wavelength +nm/
1400 1410 1420 1430
0
0.2
0.4
0.6
0.8
Signal wavelength +nm/
(a)
(b)|I(
O s)
|2
(m
2
)
S1 S2 S3
S1 S3
S1 S2
S2 S2 S2
S2 S2
S2
FIG. 2: (Color online) Simulated |φ(λs)|
2 for (a) inhomo-
geneous PCFs with different configurations and (b) homoge-
neous PCFs with length of L = 0.3 m, L = 0.6 m, and L = 0.9
m, respectively. For the inhomogeneous PCFs, the length of
each segment is 0.3 m.
calculation, the full width at half maximum (FWHM) of
pump, ∆λp, is assumed to be 2 nm. Comparing Fig. 2
with Fig. 3, one sees that under the AGVM condition
τi ≈ 0, the spectrum of individual signal photons is a
direct reflection of phase matching function (Eq. (10)).
Moreover, comparing the plots of JSI for PCFs with the
same length, it is obvious that the projections of JSI on
both the signal and idler axes are broadened due to the
inhomogeneity of PCFs. + /
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FIG. 3: (Color online) Normalized JSI F (ωs, ωi) for inho-
mogeneous PCFs with the configuration of (a) S1+S2, (b)
S1+S3, and (c) S1+S2+S3, respectively, and for homogeneous
PCFs with the spatial structure the same as S2 and with the
length of (d) L = 0.3 m, (e) L = 0.6 m, and (f) L = 0.9 m,
respectively.
Second, we calculate |φ(λs)|2 when the arranging order
of the elemental segments is altered. In the calculation,
the PCFs consist of all the four kinds of segments listed
in Table 1, the length of each segment is 0.3 m, but the
order of the segments is arranged as (i)S1+S2+S3+S4
and (ii) S1+S4+S2+S3, respectively. As shown in Fig.
4, the results of |φ(λs)|2 for the two PCFs are obviously
different, indicating the pattern of |φ(λs)|2 can be varied
by reordering the elemental segments.
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FIG. 4: (Color online) Simulated |φ(λs)|
2 for inhomogeneous
PCFs with the arranging order of the segments varied. The
length of each segment is 0.3 m, and the total lengths of the
PCFs are L = 1.2 m.
Third, we compute |φ(λs)|2 by changing the length of
each segment to examine the precondition for observing
the modulated pattern, which can not be viewed as the
oscillation of sinc-function. Figure 5(a) shows the cal-
culated |φ(λs)|2 for the PCF with the configuration of
S1+S3, and with the length of the each segment of 1.5
m. As a comparison, we also calculate |φ(λs)|2 for the
homogeneous PCFs with length L = 1.5 m and with the
structure the same as S1 and S3, respectively, as shown
in Fig. 5(b). One sees that the spectrum in Fig. 5(a)
can be viewed as a direct combination of the two spectra
in Fig. 5(b), whose overlapped region is almost negli-
gible. The results indicate that if the spectra of signal
field in different segments of the inhomogeneous PCF do
not overlap, the modulation in the overall spectrum of
|φ(λs)|2 will not appear.
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FIG. 5: (Color online) Simulated |φ(λs)|
2 for (a) inhomoge-
neous PCFs consisting of two segments, and (b) 1.5 m ho-
mogeneous PCFs with the structures the same as S1 and S3,
respectively. For the inhomogeneous PCF, the length of each
segment is 1.5 m, and the total length is L = 3 m.
C. Simulated intensity correlation function of
signal field in inhomogeneous PCFs
Having analyzed how the inhomogeneity of PCF affect
the spectrum of phase matching function, let us briefly
discuss its influence on the factorability of photon pairs
by calculating the intensity correlation function of indi-
vidual signal (idler) field g(2) (without heralding) [14].
5In general, the better the factorability is, the higher g(2)
will be. For photon pairs in spectral factorable state, the
individual signal (idler) field with g(2) = 2 is in single
mode thermal state, and its timing uncertainty is mini-
mized; while for photon pairs with perfect spectral cor-
relation, the individual field with g(2) approaching 1 is
in multi-mode thermal state, and its timing uncertainty
are dependent on the coherence time of the individual
field and the pulse duration of pump. For the specified
case of τi ≈ 0, the bandwidth (or coherence time) of in-
dividual signal photons is determined by that of phase
matching function φ(ωs), and the timing uncertainty of
signal photons is determined by the ratio between pump
pulse duration (1/∆λp) and the coherence time of signal
field. With the reduction of the timing uncertainty, the
number of temporal mode contained in the signal field
reduces, and the value of g(2) increases.
According to the field operator in Eq. (2), g(2) of the
individual signal photons can be written as [14, 18]
g(2) =
∫
dωsdωs′〈aˆ†(ωs)aˆ†(ω′s)a(ωs)a(ω′s)〉∫
dωs〈aˆ†(ωs)a(ωs)〉
∫
dωs′〈aˆ†(ω′s)a(ω′s)〉
= 1 +
∫
dωsdω
′
s|
∫
dωif
∗(ωs, ωi)f(ω
′
s, ωi)|2
| ∫ dωsdωi|f(ωs, ωi)|2|2 ,
(12)
which shows g(2) ≤ 2 because of the Schwartz inequal-
ity, and the equality holds if and only if the JSA can
be factorized into f(ωs, ωi) = h(ωs)× k(ωi). Here h(ωs)
and k(ωi) refer to the probability amplitude of the sig-
nal and idler photons having the frequency ωs and ωi,
respectively. In general, in order to increase the value of
g(2), one should properly control the energy and momen-
tum conservation by regulating the pump pulse and by
tailoring the dispersion of PCF [7]. For example, under
the phase matching condition of τiτs < 0, the bandwidth
of pump envelope and that of phase matching function
should be properly matched so that the frequency corre-
lation terms in α(ωs, ωi) and φ(ωs, ωi) can cancel out [12],
and the timing uncertainty of signal (idler) photons is
minimized. However, for the inhomogeneous PCF, one
sees that the corresponding JSA contains at least two
addends due to nonuniform dispersion (see Eqs. (3), (5),
and (9)), which prevents the formation of a factorable
JSA.
For the AGVM condition of τi ≈ 0, we compute g(2)
by substituting the parameters of each PCF used in Figs.
2−5 into Eqs. (3), (5), (9), and (12). In the computation,
the FWHM of pump ∆λp is assumed to be 2 and 5 nm,
respectively. As shown in Table II, it is clear that for
each kind of PCF, g(2) increase with ∆λp due to the
accordingly reduced time uncertainty of signal photons.
Now, let us analyze the data in Table II for the pump
with a certain bandwidth. Obviously, g(2) obtained from
an inhomogeneous PCF is less than that from a homo-
geneous PCF if the lengths of the two kinds of PCFs
are equal. Moreover, in contrast to the homogeneous
PCF, for which g(2) increases with the fiber length L,
the relation between g(2) and L for the inhomogeneous
TABLE II: Calculated g(2) of individual signal field for λpc =
1070 nm
PCF Configuration
Total
Length L
(m)
Calculated g(2)
∆λp = ∆λp =
2 nm 5 nm
Inhomo-
geneous
S1+S2 0.6 1.62 1.86
S1+S3 0.6 1.43 1.75
S1+S2+S3 0.9 1.52 1.82
S1+S2+S3+S4 1.2 1.42 1.75
S1+S4+S2+S3 1.2 1.44 1.76
S1+S3 3 1.49 1.79
Homo-
geneous
—
0.3 1.56 1.81
0.6 1.75 1.90
0.9 1.83 1.93
1.5 1.89 1.96
PCFs is not so straightforward. For example, for the 0.6
m inhomogeneous PCF with the configuration of S1+S2
and 0.9 m inhomogeneous PCF with the configuration
of S1+S2+S3, respectively, the shorter one corresponds
to a greater g(2). Furthermore, to figure out a common
feature which closely related to g(2), we compare g(2) and
the spectrum (see Fig. 2 and Fig. 4) for each inhomo-
geneous PCF. The results show that the key to obtain
g(2) with a higher value is to narrow the overall spec-
trum of individual signal photons Fs(ωs) which is not
only related to the length L, but also depends on dis-
persion property along the PCF. By comparing g(2) of
inhomogeneous PCFs with the configuration of S1+S2,
and S1+S3, respectively, one sees that the total lengths
of the two PCFs are equal, but g(2) in the former case is
higher. The results indicate that for the case of τi ≈ 0,
if the dispersion property of each segment is closer to
each other, the overall spectrum of signal photon will be
narrower, and the value of g(2) will be higher. There-
fore, in the sense of generating spectral factorable pho-
ton pairs, the problem of lacking the homogeneous PCF
with a longer length might be overcome in some extent
by selecting and splicing the shorter PCFs having almost
identical dispersion properties.
III. EXPERIMENT
Our experimental setup is shown in Fig. 6(a), signal
and idler photon pairs are produced from the PCF (NL-
1050-ZERO-2, Crystal Fibre), which is quoted to have
a extremely flat, near-zero dispersion between 1025 nm
and 1075 nm, the nonlinear coefficient γ is 37 W−1km−1
at 1064 nm, and the birefringence (∆n) is measured to
be 2.5 × 10−5. The original length of the PCF is about
1.9 m (see Fig. 6(b)). A compact mode-locked femtosec-
ond Yb-doped fiber laser serves as the pump source [19],
whose linearly polarized output is centering at 1042nm,
and FWHM is about 8 nm. The average power and repe-
tition rate of the laser are about 400 mW and 54.4 MHz,
respectively .
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FIG. 6: (Color online) (a) Experimental setup, see the text
for details. (b) Schematic of the cutting procedure of 1.9
m PCF. (c) Experimental setup for measuring the intensity
correlation function g(2) of signal photons.
We first characterize the average dispersion property
of the 1.9 m PCF by utilizing the white light interfer-
ometry method. The broadband supercontinuum light is
obtained by sending the output of the laser into a high
nonlinear single mode fiber (SMF) and the group veloc-
ity dispersion of the PCF along its fast axis is measured
in the wavelength range of 900 to 1200 nm. The result
in Fig. 7 indicates the two zero dispersion wavelengths
are about 942± 4 nm and 1175± 4 nm, respectively. Fit-
ting the measured data by employing the step-index fiber
model, we obtain the average effective core radius and
air-filling fraction in the fast axis of the PCF are about
948±2 nm and (29.6±0.1)%, respectively. Moreover, we
calculate the SFWM phase matching wavelengths and
angle θ as a function of the pump wavelength λp, as
shown in Figs. 8(a) and 8(b), respectively. One sees
that the AGVM conditions, τi=0 and τs=0, correspond-
ing to θ = 0 and θ = pi/2, respectively, are fulfilled for
λp ≈ 1070.2 nm and λp ≈ 86.5 nm. Moreover, we find
that in the vicinity of λp ≈ 1070.2 nm and λp ≈ 986.5
nm, respectively, the wavelength range of λp satisfying
θ ≈ 0 is greater than that satisfying θ ≈ pi/2. Consid-
ering the uncertainty of dispersion measurement, we set
the central wavelength of pulsed pump λpc at 1070 nm
to guarantee the AGVM condition τi=0 is approximately
satisfied in the PCF.
To ensure the power of pulsed pump with λpc=1070
nm is sufficient to conduct our experiments, we replace
the high nonlinear SMF with a 40 cm long regular SMF
to expand the laser spectrum to 70 nm via self phase
modulation effect, and use the grating G1 to carve out
the required pump (see Fig. 6(a)). The polarization of
pump propagating through the polarization beam splitter
(PBS) is adjusted by the half-wave-plate (HWP). The
average pump power launched into the PCF is about 0.9
mW, the FWHM and pulse duration of the pump are
about 2 nm and 0.8 ps, respectively.
To reliably detect the signal and idler photons, we need
to reject the pump and to separate the signal and idler
photons. We achieve this by placing a prism at the out-
put port of PCF. Moreover, to resolve the spectrum of
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FIG. 7: (Color online) The group velocity dispersion mea-
sured by using the white light interferometry method. The
hollow circles with the size representing the error bars are the
data points, and the solid fitting curve is obtained by using
the step-index model with r = 948 nm and f = 29.6%.
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FIG. 8: (Color online) Calculated phase matching wave-
lengths and angle θ as a function of the pump wavelength
λp. The vertical dashed lines correspond to λp=1070.2 nm
and λp=986.5 nm, at which the AGVM conditions θ = 0 and
θ = pi/2 (τi=0 and τs=0) are respectively satisfied.
signal and idler photons, tunable narrow band-pass fil-
ters (NBFs) realized by gratings are used in both signal
and idler bands. In the idler band, the FWHM of NBF
is 0.4 nm; while in signal band, the FWHM can be ad-
justed to be either 3.5 nm or 0.8 nm. The idler pho-
tons are detected by silicon based single photon detector
(SPD) SPD1 (SPCM-AQRH-15), and the signal photons
are detected by InGaAs/InP based SPD2 (id200). For
the counting measurement of individual signal photons,
the 2.5-ns-wide gate pulses of SPD2 arrive at a rate of
about 3.4 MHz, 1/16 of the repetition rate of the pump
pulses; while for measuring the coincidence between sig-
nal and idler photons, the gate pulses are triggered by
the detection events of SPD1. The total detection effi-
ciencies, including the filtering system and the SPDs, are
∼4% and ∼5% in the signal and idler bands, respectively.
We then test the quantum correlation properties of sig-
nal and idler photon pairs in the 1.9 m PCF. According
to the theoretical calculation, the FWHM of signal and
idler photons in a 1.9 m PCF with homogeneous structure
are calculated to be about 0.9 and 1.8 nm, respectively.
Therefore, to make sure most of the signal photons can
propagate through the filter, the FWHM of the NBF in
7signal band is adjusted to be about 3.5 nm, which is
about four times broader than the estimated bandwidth.
In this experiment, the pump is launched along the fast
axis of PCF, and the central wavelength of the NBF in
signal band is fixed at 1417 nm, at which the single count
rate of SPD2 is considerable. When the central wave-
length of NBF in idler band λ′i is scanned from 850 to
868 nm, at each wavelength point, we not only measure
the single counts of SPD1, but also measure the coinci-
dences and accidental coincidences of SPD1 and SPD2
by recording coincidence rates of signal and idler pho-
tons produced in the same pulse and adjacent pulses, re-
spectively. Figure 9(a) shows the measured coincidence
rates are much greater than the accidental coincidence
rates, clearly demonstrating the quantum correlation of
the signal and idler photons via SFWM. However, we
find the FWHM of coincidences in is about 3 nm, much
greater than that of the estimated value of about 1.8
nm. Moreover, the spectrum of single counts in the idler
band shown in Fig. 9(b) is even much broader than that
of coincidences, indicating the phase matching function
of SFWM in the PCF can not be simply described by a
sinc-function. Since we have verified the satisfaction of
τi ≈ 0 by demonstrating the frequency de-correlation of
the signal and idler photon pairs in Ref. [20], we think the
spectrum broadening in Figs. 9(a) and 9(b) are caused
by the inhomogeneous dispersion along the PCF.
850 855 860 865
0
5
10
0
40
80
'i (nm)
Si
ng
le
 c
ou
nt
s
of
 S
PD
1 
(k
H
z)
 Coincidence
 
 Accidental
         Coincidence
(a)
(b)
C
oi
nc
id
en
ce
s
(H
z)
 
FIG. 9: (Color online) (a) Coincidence and accidental coinci-
dence rates between SPD1 and SPD2, and (b) single counts
of SPD1 versus the central wavelength of NBF in idler band
λ′i.
Next, in order to confirm the 1.9 m PCF is inhomoge-
neous, we investigate the spectrum of the overall phase
matching function by measuring the full spectrum of the
individual signal photons (Eq. (11)). Since the filter
with a narrower bandwidth helps to directly achieve a
fine spectrum structure, we adjust the FWHM of NBF
in the signal band to 0.8 nm. Figure 10(a) is obtained
by recording the single counts of SPD2 as λ′s is varied
from 1405 to 1430 nm. One sees that the spectrum with
a modulated pattern spreads in a range up to 25 nm, and
the heights of the observed 7 peaks can not be explained
by the oscillation of sinc-function.
To exhibit the inhomogeneity of PCF more clearly, we
cut the 1.9 m PCF into two segments, whose lengths
are 1 m and 0.9 m (see Fig. 6(b)), respectively. For
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FIG. 10: (Color online) The recorded single counts of SPD2
as the central wavelength of NBF in signal band, λ′s, is varied
from 1405 to 1430 nm for (a) the original 1.9 m PCF, (b)
the 0.9 m and 1 m PCFs, respectively, (c) the 0.6 m and 0.3
m PCFs, respectively, and (d) the rejoined 1.3 m PCF. The
inset in plot (c), illustrating the transmission efficiency per
meter, η, versus the wavelength of signal photons, is obtained
by using the cutting back method. The curves connecting the
data points are only for guiding the eyes.
each segments, we also record the single counts of SPD2
by varying λ′s. As shown in Fig. 10(b), the spectra of
the two segments are about respectively responsible for
the different parts of the spectrum in Fig. 10(a). By
comparing the overlapped spectral region between each
segment and the original 1.9 m PCF, one sees that for
the 1 m PCF, the main peak of spectrum experiences
an obvious rising (see Figs. 10(a) and 10(b)). We think
this is because the transmission efficiency η in the PCF
is rather low in the wavelength range of about 1.4 µm,
as evidenced by the inset in Fig. 10(c).
Fig. 10 (b) not only clarify the dispersion along the
original 1.9 m PCF is non-uniform, but also indicate that
the two segments of PCFs are inhomogeneous. To better
understand the inhomogeneity of PCF, we further cut
the 0.9 m PCF into two subsegments (see Fig. 6(b)),
whose lengths are 0.3 m and 0.6 m, respectively. Again,
for each subsegment, we measure the single counts of
SPD2 by varying λ′s. As shown in the main plot of Fig.
10(c), the spectral patterns of the two subsegments are
dramatically different from each other, and the spectrum
of their direct combination is distinct from that of the
0.9 m PCF. Moreover, the spectra in Fig. 10(c) indicate
that the two subsegments are also inhomogeneous.
We note that in carrying out the above experiments,
we have also measured the spectra of signal photons
8produced from different segments of the 1.9 m PCF by
launching the pump along the slow axis of the PCF. The
spectral pattern of each segment is very similar to that
obtained by propagating the pump along the fast axis,
except a upshift in wavelength of about 2 nm. There-
fore, the birefringence of the PCF does not contribute to
the modulated spectra, and the data in Figs. 10(a)-10(c)
reflects how the spectra of phase matching function are
affected by the random distribution of dispersion in in-
homogeneous PCF. Although the dispersion of each seg-
ment cutting from 1.9 m PCF is non-uniform, which is
different from that in the model shown in Fig. 1, the
analysis in Sec. II qualitatively explains the experimen-
tal results.
It is worth pointing out that the signal spectrum of the
original 1.9 m PCF seems like a direct summation of that
of the two PCFs with lengths of 0.9 m and 1 m, respec-
tively. One may think the phenomena might be an indi-
cation of the effective interaction length of SFWM owing
to the walk-off between the signal and pump fields [13].
However, our investigation shows that the signal and idler
photons of a pair should be considered as a whole, and
no walk-off between the photon pairs and pump are ob-
served [21]. According to the analysis in Sec. II B, we
think the reason responsible for the data in Figs. 10(a)
and 10(b) is that the overlapped region between the sig-
nal spectra of the 0.9 m and 1 m segments is relatively
small. If the overlapped region between the two segments
is greatly increased, the signal spectrum of the inhomoge-
neous PCF would be different from a direct combination
of that of each segment. To further verify this point, we
rejoin the 1 m and 0.3 m PCFs by placing the two fiber
ends in intimate contact. The transmission loss of the
junction is ∼1 dB and the axes of the two PCFs are not
accurately aligned due to the technical limitation. After
launching the pump along the fast axis of the 1 m PCF,
we measure the single counts of signal photons of the re-
joined PCF when λ′s is varied. As shown in Fig. 10(d),
despite the imperfect connection, one sees that the in-
fluence of the 0.3 m PCF on the rejoined 1.3 m PCF is
still observable. Comparing with the spectrum for 1 m
PCF in Fig. 10 (b), we find that the heights of the two
small peaks setting in the left side of the highest peak at
about 1417 nm are depressed, and the small peak sitting
in the right side of the highest peak is missing. The re-
sults show that direct combination of the signal spectra
of the 0.3 m and 1 m PCFs is different from the spectral
pattern of the rejoined PCF.
Finally, we study the influence of inhomogeneity on
the factorability of photon pairs by measuring g(2) of the
individual signal field. To do so, we perform the mea-
surement by exploiting the setup in Fig. 6(c). In the
measurement, the condition τi ≈ 0 still holds. The NBF
is replaced with a long pass filter (LPF) with a cutoff
wavelength of 1200 nm, and the FWHM in the signal
band is ∼ 40 nm, which is exclusively provided by the
prism. After passing the signal field through a 50/50
beam splitter (BS), the outputs of BS are fed into the
SPD2 and SPD3 (id200), respectively. The value of g(2)
is the ratio between the measured coincidence and acci-
dental coincidence rates of SPD2 and SPD3 [14, 18]. For
the PCFs with length of 1 m and 0.6 m, the measured
g(2) are 1.27 ± 0.02 and 1.56 ± 0.02, respectively. Since
the bandwidths of signal photons in both PCFs are much
smaller than 40 nm, the measurement can be viewed as
a filter free case. Moreover, comparing the results of g(2)
with the corresponding spectra the PCFs in Fig. 10, one
sees that the experimental results are consistent with our
theoretical analysis.
IV. CONCLUSION
In conclusion, we have investigated the spectral prop-
erties of the photon pairs generated from SFWM in in-
homogeneous PCFs from the theoretical and experimen-
tal aspects. The theoretical model shows that the pho-
ton pairs born in different place of the inhomogeneous
PCF are coherently superposed, and a modulation in the
broadened spectrum of phase matching function will ap-
pear, which prevents the realization of spectral factorable
photon pairs. In particular, the inhomogeneity induced
modulation can be examined by measuring the spectrum
of individual signal or idler field when the AGVM con-
dition is approximately fulfilled. The experiment is per-
formed by tailoring the spectrum of pump to ensure the
AGVM condition is approximately satisfied. The ob-
served spectra of individual signal photons, which are
produced from different segments of the PCF, demon-
strate the 1.9 m PCF and its segments with length down
to 0.3 m are inhomogeneous, and the experimental re-
sults qualitatively agree with the theoretical predictions.
Moreover, our results indicate that in the sense of gen-
erating spectral factorable photon pairs, the problem of
lacking the homogeneous PCF with a longer length might
be overcome in some extent by selecting and splicing the
shorter PCFs having almost identical dispersion proper-
ties.
Our investigations are not only useful for fiber based
quantum state engineering, but also provide a depend-
able method to test the inhomogeneity of PCF. Although
it has been demonstrated that the nonuniform dispersion
property in optical fibers can be characterized by using
parametric amplification, our method is different from
those reported in Ref. [22] and [23]. This is because (i)
instead of using the amplified signal wave via continuous
wave pumped four wave mixing in high gain regime, we
exploit the pulse pumped SFWM in the low gain regime;
and (ii) in contrast to characterize the fiber with length
in the order of hundreds meters or kilometers, we can
examine the inhomogeneity of PCF with length less than
1 m.
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